؉ T cells play a key role in host defense against Pneumocystis infection. To define the role of naïve CD4 ؉ T cell production through the thymopoietic response in host defense against Pneumocystis infection, Pneumocystis murina infection in the lung was induced in adult male C57BL/6 mice with and without prior thymectomy. 
Pneumocystis jirovecii is an opportunistic fungal pathogen causing severe pneumonia and pulmonary complications in immunocompromised hosts, particularly in individuals infected with the human immunodeficiency virus (HIV). CD4 ϩ T cells are known to play a key role in host defense against Pneumocystis infection (43) . During HIV infection, activated memory CD4 ϩ T cells are the primary target cells destroyed by the virus (51) . With the depletion of memory CD4 ϩ T cells, generation of naïve T lymphocytes from the thymus becomes a critical mechanism for the host to sustain enhanced T cell turnover (27, 42) . Clinical investigations have shown that the thymic output of naïve CD4 ϩ T cells is activated in HIV-infected patients following highly active antiretroviral therapy (HAART) treatment (11, 38) . This thymic activation is correlated with the increase in the number of naïve CD4 ϩ T cells and restoration of total CD4 ϩ T cell counts in the peripheral circulation (10, 16) . Accumulated evidence suggests that the thymic output of naïve CD4 ϩ T cells may play an important role in maintaining or restoring immune function in immunocompromised hosts. At this time, knowledge concerning the role of thymic production of naïve CD4 ϩ T cells in the host defense against Pneumocystis infection is lacking.
Thymopoiesis requires continuous replenishment of lymphoid progenitors from the bone marrow. In mouse bone marrow, the most primitive hematopoietic stem cells (HSCs) with long-term (LT) self-renewal potential are enriched in the Lin Ϫ c-Kit ϩ Sca-1 ϩ (LKS) cell fraction with the Thy1.1 lo (producing low levels of Thy1.1) or CD34 Ϫ profile (2) . These cells give rise to the short-term HSCs (ST-HSCs) or multipotent progenitors (MPPs) which are enriched in the Thy1.1 Ϫ or CD34 ϩ LKS cell population. Lineage commitment has been considered to occur after the ST-HSC stage. Common lymphoid progenitors (CLPs) are among cells bearing the lLin Ϫ c-Kit lo Sca-1 lo IL-7R␣ ϩ (interleukin-7 receptor ␣) Thy1.1 Ϫ phenotypic markers, which may serve as the precursors of both B and T cell lineages (20) . A subset of marrow MPPs bearing CCR9 ϩ VCAM-1 Ϫ (vascular adhesion molecule 1) surface markers has been identified as the lymphoid-specific precursors upstream of CLPs (24) . Since CCR9
ϩ MPPs can more competitively home to the thymus than CLPs, they are considered the major marrow precursors of the earliest T lineage progenitors in the thymus (ETPs) (24) .
Upon homing to the thymus, the marrow precursors initially give rise to double negative (DN) thymocytes. These DN cells differentiate to express both CD4 ϩ and CD8 ϩ antigens, followed by acquisition of the CD3 ϩ antigen (double positive thymocytes). Passing through positive and negative selection processes, the matured T lymphocytes become single CD4 ϩ or CD8 ϩ cells. These matured single positive naïve T cells finally exit the thymus via efferent lymphatics.
Thymic production of naïve T cells can be evaluated by the abundance of T cell receptor excision circles (TRECs) in peripheral T cells (41) . Murine signal joint TRECs (msjTRECs) are the episomal DNA circles generated during the rearrangement of the VDJ genes of the T cell receptor (TCR) ␣ and ␤ chains in the thymus. These circles are stably retained during cell division but do not replicate and therefore become diluted among daughter cells in peripheral lymphoid tissue.
To identify the significance of thymopoietic and bone marrow activity in the host defense against Pneumocystis infection, we conducted experiments using both an in vivo model of murine Pneumocystis infection and in vitro cell cultures. Our results show that thymopoietic activity is enhanced following intrapulmonary inoculation of Pneumocystis in adult mice. This thymopoietic response is supported by enhanced marrow generation and delivery of thymopoietic precursor cells. Appropriate bone marrow support and thymic output of naïve CD4 ϩ T cells constitute important components of the host immune defense against Pneumocystis infection.
MATERIALS AND METHODS
Animals. Specific-pathogen-free male C57BL/6 mice were purchased at 5 weeks of age from NCI/Charles River Breeding Labs (Wilmington, MA). Animals were housed in filter-topped cages and fed autoclaved chow and water ad libitum. All caging procedures and surgical manipulations were done under a laminar flow hood. These experimental protocols were performed in adherence to the National Institutes of Health guidelines on the use of experimental animals and with approval of the Institutional Animal Care and Use Committee at the Louisiana State University Health Sciences Center.
Thymectomy. Thymectomy was performed using a previously described procedure (37) which allows complete visualization of the entire thymus and its complete removal. Control mice received a sham operation.
Experimental design. Three weeks after thymectomy or sham operation, pulmonary infection with Pneumocystis was induced via intratracheal injection of Pneumocystis murina at a dose of 2 ϫ 10 5 cysts per mouse (43) . Animals were sacrificed at 1, 2, 3, 4, 5, and 6 weeks after the inoculation of Pneumocystis. Control mice were challenged with phosphate-buffered saline (PBS) alone.
Pneumocystis inoculation. Pneumocystis was prepared as described previously using lung homogenates from chronically infected SCID mice (43) . In brief, SCID mice chronically infected with Pneumocystis were injected with a lethal dose of pentobarbital. The animals were then exsanguinated by abdominal aortic transaction. The lungs were removed aseptically, placed in 1 ml of sterile PBS, and then frozen at Ϫ70°C. Frozen lungs were homogenized mechanically in 10 ml of PBS by forcing tissue through a sterile 100-m-pore-size nylon strainer (BD Biosciences, Bedford, MA) and centrifuged at 1,000 ϫ g for 10 min at 4°C. The pellet was resuspended in PBS. Dilutions (1:5 and 1:10) of this suspension were stained with Giemsa stain (Diff-Quick; Dade Behring, Newark, DE). The number of cysts was quantified microscopically, and the concentration of inoculum was adjusted with PBS to 2 ϫ 10 6 cysts/ml. Freshly prepared inoculum was always used for intratracheal inoculation to ensure viability of organisms. Recipient mice were anesthetized with intraperitoneal injection (i.p.) of ketamine/ xylazine (200 mg/kg and 10 mg/kg, respectively). The trachea was surgically exposed. An 18-gauge blunt-ended needle was introduced into the trachea through the mouth under direct vision. Pneumocystis inoculum (2 ϫ 10 5 Pneumocystis cysts in 0.1 ml) was injected through a 22-gauge inner needle into the lungs, followed by an injection of 0.3 ml of air to ensure adequate dispersion of the inoculum and clearance of the central airways. The neck incision was sutured, and the mice were placed prone for recovery.
Collection of cells from blood, bone marrow, thymus, lung-associated lymph nodes, and spleen. Upon sacrifice of animals, a heparinized blood sample was obtained by cardiac puncture. After centrifugation at 500 ϫ g for 10 min at room temperature, the plasma was collected and stored at Ϫ70°C for cytokine determination. Femurs and tibias were collected, and bone marrow cells were flushed out with a total volume of 2 ml of PBS containing 2% bovine serum albumin (BSA; HyClone Laboratories, Logan, UT) through a 23-gauge needle. Bone marrow cells were filtered through a 70-m-pore-size nylon mesh (Sefar America, Inc., Kansas City, MO). Tissue samples of the spleen, thymus, and lungassociated lymph nodes were collected and cut into small pieces (ϳ3 mm). The tissue pieces were placed in a Falcon cell strainer (70-m-pore-size mesh size; BD Biosciences, Bedford, MA) set on top of a 50-ml centrifuge tube. Following gentle pressure of tissue pieces against the strainer with a plunger from a 1-ml syringe, the cells were filtered into the centrifuge tube by rinsing with 5 ml of RPMI 1640 medium (ATCC, Manassas, VA). Contaminating red blood cells (RBCs) were lysed using RBC lysis solution (Gentra systems Minneapolis, MN).
After samples were washed with PBS, the recovered nucleated cells were counted using a light microscope and hemacytometer. CD4 ϩ splenocytes were isolated from single-cell suspensions of spleen cells using a MicroBeads protocol (Milteny Biotec, Auburn, CA). The purity of isolated CD4 ϩ spleen cells was greater than 85% by flow cytometry.
Bronchoalveolar lavage (BAL).
In a subset of animals, the trachea was exposed by a midline incision and cannulated with a polyethylene catheter. The lungs were lavaged with 10 ml of sterile Ca 2ϩ -and Mg 2ϩ -free PBS in 1-ml steps. Cells were collected from the entire recovered BAL fluid by centrifugation at 300 ϫ g for 10 min at 4°C. Cell pellets were resuspended in PBS for counting in a hemacytometer and for flow cytometric analysis.
Flow cytometric analysis. Polychromatic (8 to 11 colors) phenotyping with flow cytometry was performed as described previously (56) . Isolated blood leukocytes and nucleated bone marrow cells were suspended in RPMI 1640 medium containing 2% fetal calf serum (FCS) (2 ϫ 10 6 cells in 100 l of medium). 19-3 , R35-95, and A95-1) (BD PharMingen, San Diego, CA). Following incubation for 20 min at 4°C, phycoerythrin (PE)-conjugated streptavidin (10 g/ml) and 10 g/ml of each fluorochrome-conjugated anti-mouse CD117 (c-Kit, clone 2B8), anti-mouse Sca-1 (Ly-6A/E, clone D7), and anti-mouse CD34 (clone RAM34), anti-mouse/rat CD90.1 (Thy1.1, clone HIS51), anti-mouse CD127 (IL-7R␣, clone A7R34), anti-mouse CCR9 (CDW199, clone CW-1.2), antimouse CD106 (VCAM-1, clone 429), and anti-mouse Ly-6A/E (Sca-1, clone D7) or the matched isotype control antibodies were added into the incubation system. The samples were further incubated in the dark for 20 min at 4°C. After cells were washed with cold PBS, they were suspended in 0.5 ml of PBS containing 1% paraformaldehyde.
For analysis of thymocytes, BAL fluid cells, splenocytes, and lymphocytes of lung-associated lymph nodes, cells were suspended in RPMI 1640 medium containing 2% FCS (2 ϫ 10 6 cells in 100 l of medium) and fluorochrome-conjugated antibodies (10 g/ml of each) specific for murine CD3e (clone 145-2C11; BD Biosciences), CD4 (clone RM4-5; Invitrogen), CD8 (clone 53-6.7; eBioSciense), CD19 (1D3; BD Pharmingen), CD25 (P55, clone Pc61.5; eBioSciense), CD44 (Pgp-1, clone IM7; eBioSciense), CD62L (L-selectin, clone MEL-14; eBioSciense), F4-80 (BM8, clone BM8; eBioSciense), Ly-6G (Gr1, clone RB6-8c5; eBioSciense), CD117 (c-Kit, clone 2B8; eBioSciense), and Ly-6A/E (Sca-1, clone D7; eBioSciense) or isotype control antibodies. Following incubation for 20 min at 4°C, the cells were washed with cold PBS and then fixed in 0.5 ml of PBS containing 1% paraformaldehyde.
Analysis of cell phenotypes was performed on a FACSAria flow cytometer with FACSDiva software (Becton Dickinson, San Jose, CA). Gating of each cell subpopulation was set up with the reference of isotype-matched control antibody staining in order to ensure precise determination of rare cell subtypes. In each sample, 500,000 cells were acquired for analysis. Cell types designated by their surface makers are listed in Table 1 .
RNA isolation and real-time RT-PCR for determination of Pneumocystis rRNA. Upon sacrifice, the entire lung (right and left) of each mouse was removed. After the trachea, bronchi, and the surrounding connective tissue were removed, the whole lung was homogenized with TRIzol reagent to isolate total RNA using protocols provided by the manufacturer (Invitrogen, Carlsbad, CA). To prepare an RNA standard for the assay, a portion of Pneumocystis murina rRNA (GenBank accession number AF257179) was cloned into PCR 2.1 Vector (Invitrogen, Carlsbad, CA), and Pneumocystis rRNA was produced by in vitro transcription using T7 TNA polymerase (Promega, Madison, WI). TaqMan PCR primers for mouse Pneumocystis rRNA were 5Ј-ATG AGG TGA AAA GTC GAA AGG G-3Ј and 5Ј-TGA TTG TCT CAG ATG AAA AAC CTC TT-3Ј. The probe was labeled with a reporter fluorescent dye, 6-carboxyfluorescein (FAM), and the sequence was 5Ј-6FAM-AACAGCCCAGAATAATGAATAAAGTTC CTCAATTGTTAC-TAMRA-3Ј (where TAMRA is 6-carboxytetramethylrhodamine) (47) . Real-time reverse transcription-PCR (RT-PCR) was performed using a two-step method. Reverse transcription reactions were done in a volume of 10 l containing 200 ng of RNA sample, 1ϫ TaqMan RT buffer, 5.5 mM magnesium chloride, 500 M each deoxynucleoside triphosphate (dNTP), 2.5 M random hexamer, 0.4 U/l RNase inhibitor, and 1.25 U/l MultiScribe reverse transcriptase (Applied Biosystems, Branchburg, NJ). Samples were incubated at 25°C for 10 min and reverse transcribed at 48°C for 30 min; reverse transcriptase was inactivated at 95°C for 5 min. PCRs were done in a volume of 50 l containing 5 l (100 ng) of cDNA, 1ϫ TaqMan universal PCR Master Mix (Applied Biosystems, Branchburg, NJ), primers, and probe. An initial 2-min incubation was done at 50°C for uracyl N-glycosylase (UNG) activity to prevent a carryover reaction. The reaction was terminated by heating at 95°C for 5 min. The PCR amplification was performed for 40 cycles, with each cycle at 94°C for 20 s and 60°C for 1 min. Data were converted to rRNA copy number using a standard curve of known copy Pneumocystis murina rRNA and are expressed as copy number per lung.
Real-time PCR of msjTREC DNA expression. Murine signal joint T cell receptor excision circles ([msjTRECs] GenBank AE008686) in CD4
ϩ spleen cells were determined using the absolute quantitative real-time PCR protocol developed by Gregory D. Sempowski's laboratory at Duke University (41) . The results are expressed as copies of msjTRECs/g of DNA.
Determination of plasma mediators. Plasma levels of interleukin-3 (IL-3), IL-7, and IL-9 and of gamma interferon (IFN-␥) were determined by Luminex analysis using a Milliplex MAP Kit (Millipore, Billerica, MA). The plasma level of Fmsrelated tyrosine kinase-3 (Flt-3) ligand was measured by enzyme-linked immunosorbent assay (ELISA) using a murine Flt-3 ligand kit (R&D Systems, Minneapolis, MN).
Preparation of Pneumocystis extracts. Pneumocystis extracts were prepared using a previously reported protocol (30) with some modifications. Sterility was maintained throughout the procedure of preparation. Pneumocystis-infected mouse lungs were homogenized in ice-cold NKPC buffer (2.68 mM KCl, 1.47 mM KH 2 PO 4 , 51.1 mM Na 2 HPO 4 , 7.43 mM NaH 2 PO 4 , 62 mM NaCl, 0.05 mM CaCl 2 , 0.05 mM MgCl 2 ) containing 100 mM dithiothreitol. The homogenate was centrifuged at 50 ϫ g for 5 min at room temperature to remove cell debris. Pneumocystis cells in the supernatant were collected by centrifugation at 10,000 ϫ g for 10 min at 4°C. Pneumocystis cell pellets were then resuspended in 5 ml of 0.85% NH 4 Cl-NKPC buffer and incubated at 37°C for 5 min to lyse erythrocytes. After samples were washed three times with cold NKPC buffer, isolated Pneumocystis organisms were quantified by enumeration of nuclei stained with Giemsa stain. The host DNA was removed by incubating Pneumocystis extracts in 10 ml of NKPC buffer containing 0.02% (2 U) of DNase I type IV (Invitrogen, CA) at 37°C for 10 min. After samples were washed three times with cold NKPC buffer, isolated Pneumocystis organisms were suspended in NKPC buffer and subjected to ultrasonication for 20 s at 40 W and a 70% duty cycle (Heat Systems; Ultrasonics Inc., Plainview, NY) twice. Nuclei and cell ghosts were removed by centrifugation at 1,000 ϫ g for 3 min. The supernatant representing the extract of 1 ϫ 10 8 Pneumocystis cysts/ml was aliquoted and stored at Ϫ80°C. 
Western blot analysis.
A subset of cultured bone marrow cells was lysed with a lysis buffer (10 mM Tris-HCl, 1% Triton X-100, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 2 mM sodium orthovanadate [Na 3 VO 4 ], 1 mM phenylmethylsulfonyl fluoride [PMSF], 50 mM sodium fluoride [NaF], 5 mg/ml aprotinin, 5 mg/ml pepstatin, and 5 mg/ml leupeptin, pH 7.6) to prepare cell lysates. Western blot analysis of phospho-JNK levels in the cells was performed as described previously by our group (55) . Protein concentrations of cell lysates were determined using a bicinchoninic (BCA) protein assay kit (Pierce, Rockford, IL). Twenty micrograms of protein was resolved on 12% SDS-PAGE ready gel (Bio-Red Laboratories, Hercules, CA) and then transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% fat-free milk in TSB-T buffer (10 mM Tris-HCl, 150 mM NaCl, 0.1% [vol/vol] Tween 20, 0.02% sodium azide, pH 7.4) and hybridized sequentially with primary antibody against mouse phospho-JNK monoclonal IgG1 antibody (diluted 1:1,000 with blocking buffer; Santa Cruz, CA) and horseradish peroxidase-conjugated anti-mouse IgG (diluted 1:1,000 with blocking buffer; Cell Signaling, CA). Bound antibodies were detected by an ECL Plus Western blotting detection kit (GE Healthcare, NJ). The blot was stripped with Re-Blot Plus mild antibody stripping solution (Millipore, Temecula, CA) following protocols supplied by the manufacturer. The membrane was reblotted with rabbit anti-␤-actin antibody (Cell Signaling Technology, Danvers, MA) and horseradish peroxidaseconjugated goat anti-rabbit IgG (Cell Signaling Technology, Danvers, MA) to determine ␤-actin content in the sample loaded in each lane of the gel. Semiquantification of the positive band in the images was performed using a Kodak Gel Logic 2,200 Imaging System. Data are presented as the net intensity ratio (NIR) of the phospho-JNK protein band versus the corresponding reference protein (␤-actin) band.
Statistics. Data are presented as means Ϯ standard errors of the means (SEM). The sample size is indicated in the legend to each figure. Statistical analysis was performed using GraphPad Prism, version 5, software (GraphPad Software, La Jolla, CA). Two-way analysis of variance and one-way analysis of variance followed by a Student-Newman Keuls test were used for comparisons among multiple groups. An unpaired Student's t test was used for comparison of two different groups. Differences were considered statistically significant at a P value of Ͻ0.05.
RESULTS
Changes in pulmonary Pneumocystis burden. To assess the role of the thymus in host defense against murine Pneumocystis infection, clearance of Pneumocystis from the lung was examined in mice without and with prior thymectomy. Healthy mice housed in filter-top cages have no detectable Pneumocystis rRNA in whole-lung tissue. As shown in Fig. 1 , after Pneumocystis infection, sham-operated mice showed an elevated level of Pneumocystis rRNA in the lung at weeks 1 and 2 after Pneumocystis infection. Pneumocystis rRNA was then no longer detectable by week 3 post-Pneumocystis inoculation, which ϩ T cell subpopulations in the alveolar space of animals without and with thymectomy may be altered accordingly. Therefore, we analyzed changes in total numbers of CD4 ϩ T cells as well as CD4 ϩ T cell subtypes in the alveolar space as reflected by cells recovered from bronchoalveolar lavage (BAL) fluid. As shown in Fig. 2 Changes in CD4 ؉ T cell subtypes in peripheral lymphoid tissues and blood. In order to further understand the role of thymic activity in the host defense response, we analyzed changes in CD4 ϩ T cell populations as well as CD4 ϩ T cell subtypes in the lung-associated lymph nodes, spleen, and systemic circulation.
In cells isolated from lung-associated lymph nodes, the proportions of total CD4 ϩ T cells, naïve CD4 ϩ T cells, and central memory CD4
ϩ T cells were persistently reduced in the 6-weekperiod post-Pneumocystis inoculation in sham-operated animals (Fig. 3) . Thymectomy caused an additional and significant decrease in the naïve CD4 ϩ T cell subtype as well as total CD4 ϩ T cells and central memory CD4 ϩ T cells in lungassociated lymph nodes compared to cell populations of the sham-operated controls. The effector memory CD4 ϩ T cell subtype in lung-associated lymph nodes of the sham-operated mice was initially reduced following Pneumocystis infection but recovered by week 6 postinfection. Mice with thymectomy showed the same level of effector memory CD4 ϩ T cells in lung-associated lymph nodes and a change in this subtype of cells following Pneumocystis infection similar to that observed in sham-operated mice.
In the spleens of sham-operated mice, the fractions of total CD4 ϩ T cells, naïve CD4 ϩ T cells, and central memory CD4 ϩ T cells were initially reduced following Pneumocystis infection. These reductions were recovered at week 6 post-Pneumocystis inoculation (Fig. 3) . Mice with thymectomy showed significant decreases in the fraction of total CD4 ϩ T cells, naïve CD4 ϩ T cells, and central memory CD4
ϩ T cells in the splenocytes compared to the sham-operated mice. These decreases were persistent throughout the 6-week-period following Pneumocystis infection. In sham-operated mice, the number of effector memory CD4 ϩ T cells in splenocytes was moderately reduced between 2 and 4 weeks of Pneumocystis infection but recovered at week 5 following the infection. In mice with thymectomy, the proportion of effector memory CD4 ϩ T cells in splenocytes was maintained at a level similar to that of the sham-operated mice. Pneumocystis infection was not associated with a reduction of effector memory CD4 ϩ T cells in splenocytes of thymectomized mice.
The numbers of total CD4 ϩ T cells, naïve CD4 ϩ T cells, and Table 2 ). The level of effector memory CD4 ϩ T cells in the circulation was also stable during the initial 5 weeks after Pneumocystis inoculation in sham-operated mice. At week 6 post-Pneumocystis inoculation, the circulating level of effector memory CD4 ϩ T cells in sham-operated mice was significantly elevated, suggesting that the influx of these effector cells into the bloodstream exceeds their extravasation at this stage. In mice with thymectomy, the number of total CD4 ϩ T cells in the systemic circulation was markedly reduced compared to the level in the sham operated animals. This reduction of total CD4 ϩ cells in the circulation was persistent throughout the 6-week-period post-Pneumocystis inoculation. The reduction of total CD4 ϩ T cells in the circulation of thymectomized mice primarily resulted from the lack of naïve and central memory CD4 ϩ T cells in the bloodstream (Table 2 ). In the meantime, the level of effector memory CD4 ϩ T cells in the circulation was maintained in thymectomized mice compared to the level in the sham-operated animals ( Table 2) .
Changes in ETP and DN cell populations in the thymus. In order to understand thymic functional activity following Pneu- mocystis infection, phenotypic analysis of thymocytes was performed using flow cytometry. As shown in Fig. 4A , the number of ETPs in the thymus was significantly increased between weeks 1 and 4 following Pneumocystis infection. The number of double negative stage 1 (DN1) cells in the thymus was significantly increased in the first week of the infection (Fig. 4B) . The number of double negative stage 2 (DN2) cells was increased throughout the 6-week-period of Pneumocystis infection. Furthermore, the number of double negative stage 3 (DN3) cells was also increased at weeks 1 and 2 of Pneumocystis infection. These results demonstrate that the pool of lymphoid precursor cells at different maturation stages is significantly expanded in the thymus following Pneumocystis infection. This expanded precursor cell pool in the thymus supports enhanced thymic production of T lymphocytes.
Changes in msjTREC level in CD4
؉ splenocytes. Measurement of msjTRECs in peripheral T cells has been used to study thymic output (41) . The level of msjTRECs in CD4 ϩ splenocytes of sham-operated mice was decreased at week 1 postPneumocystis infection compared with the control level in uninfected mice (Fig. 4C) . This initial decrease in msjTREC level was gradually attenuated between weeks 2 and 4 postinfection. At week 5 post-Pneumocystis inoculation, the msjTREC level in CD4
ϩ splenocytes was markedly increased in sham-operated mice, indicating enhanced homing of newly produced naïve CD4 ϩ lymphocytes to the spleen at this stage. In thymectomized animals, as expected, the level of msjTRECs in CD4 ϩ on September 12, 2017 by guest http://iai.asm.org/ splenocytes was significantly decreased throughout the 6-weekperiod following Pneumocystis inoculation. Plasma levels of mediators. Plasma concentrations of IL-3 and IL-7 were below detectable limits. Plasma levels of IL-9 and Flt-3 ligand were similar in sham-operated and thymectomized mice and were not altered throughout the 6-week-period postPneumocystis infection in both groups (data not shown).
Changes in hematopoietic precursor populations in the bone marrow and blood. The enhancement of thymic output requires bone marrow support to provide thymopoietic progenitor cells. In order to understand the role of bone marrow during this response, we examined the alteration of hematopoietic precursor cell production in the bone marrow following Pneumocystis infection. As shown in Fig. 5A , the numbers of marrow LKS cells and HSCs increased following Pneumocystis infection in mice without and with thymectomy. These increases in marrow LKS and HSC populations reached a peak level at weeks 2 and 3, respectively, post-Pneumocystis inoculation. Similarly, the number of marrow CCR9
ϩ MPPs (precursors of ETPs) was significantly increased following Pneumocystis infection in both groups. The increase in marrow CCR9
ϩ MPPs reached a peak value at week 4 in sham-operated animals and at week 5 in thymectomized mice. The bone marrow pool of CLPs was slightly reduced in sham-operated mice following Pneumocystis infection. In mice with thymectomy, the marrow CLP population was moderately increased at weeks 5 and 6 post-Pneumocystis infection. Bone marrow levels of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells and CMPs were moderately reduced in both the sham operation and thymectomy groups.
In association with the increase in the marrow pool of LKS cells and CCR9
ϩ MPPs, the number of these precursors was significantly increased in the systemic circulation, with the peak values at weeks 1 and 3, respectively, post-Pneumocystis infection in both groups (Fig. 5B) . These results indicate that bone marrow plays an important role in supporting the thymopoietic response to Pneumocystis infection. In contrast to what was observed in the bone marrow, the numbers of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells and CMPs in the systemic circulation in shamoperated mice were increased during the initial 2 weeks postPneumocystis infection. Similarly, these two types of cells in the bloodstream were increased in thymectomized mice during the initial 2 weeks and 1 week, respectively, following Pneumocystis inoculation.
Changes in hematopoietic precursor cell populations in bone marrow cells following in vitro culture with Pneumocystis extractions and TLR ligands. Bone marrow hematopoietic precursor cells including primitive hematopoietic stem cells express TLR receptors and respond to TLR ligand stimulation (14, 32, 52) . In order to understand possible signaling mechanisms underlying the bone marrow precursor cell response to Pneumocystis infection, we performed in vitro experiments in which bone marrow cells from naïve mice were cultured with Pneumocystis extracts, the TLR-2 ligand zymosan, TLR-4 ligand LPS, and TLR-9 ligand ODN M362. As shown in Fig. 6 , the numbers of LKS cells, HSCs, MPPs, CCR9
ϩ MPPs, and CLPs were significantly increased in the cultured bone marrow cells following 16 h of exposure to Pneumocystis extracts and to ligands of TLR-2, TLR-4, and TLR-9. In contrast, the numbers of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells and CMPs in the culture system were not increased (or even reduced) following exposure to these stimulants. The dose-response test showed that zymosan and ODN M362 each caused a dose-dependent increase in LKS and CCR9 ϩ MPP cell types in cultured bone marrow cells (Fig. 7 ). These data demonstrate that TLR signaling may mediate the bone marrow precursor cell response to Pneumocystis infection.
JNK activation and the increase in CCR9 ؉ MPPs in bone marrow cells. CCR9
ϩ MPPs are a subtype of LKS cells. Our current results showed that the numbers of LKS cells and CCR9
ϩ MPPs were increased in the bone marrow of mice with Pneumocystis infection and in in vitro cultured marrow cells following exposure to Pneumocystis extracts and TLR ligands. In previous studies, we have observed that phenotypic conversion of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells by reexpression of Sca-1 is a major mechanism underlying the rapid expansion of the marrow LKS cell pool in response to infectious stimuli (22) . The promoter region of the Sca-1 gene contains multiple binding sites for AP1. c-Jun is the most potent transcriptional activator in the AP1 family (31) . Ligand engagement of TLR-2, TLR-4, or TLR-9 activates JNK, leading to enhancement of c-Jun transcriptional activity by phosphorylation of its N-terminal activation domain (6, 14, 28, 31) . Therefore, we examined the role of JNK signaling in Pneumocystis-mediated increases in LKS and CCR9 ϩ MPP cells. As shown in Fig. 8A , exposure of cultured bone marrow cells to Pneumocystis extracts, zymosan, and ODN M362 for 8 h significantly increased JNK phosphorylation in these cells. Specific JNK inhibitor SP600125 profoundly inhibited the increase in the number of LKS cells as well as LKS subtypes including CCR9
ϩ MPPs in cultured bone marrow cells following exposure to Pneumocystis extracts, zymosan, and ODN M362 (Fig. 8B) .
DISCUSSION
Thymic output of naïve T cells declines after puberty in both humans and mice (40, 48, 49) . However, a thymic reserve may persist into adulthood (36) . In circumstances of accelerated T lymphocyte turnover, such as those caused by chemotherapy or HIV disease, thymic function can be altered (5, 29, 35) . Clinical investigations have shown that HIV-1-seropositive adults with abundant thymic tissue exhibit both a higher percentage of naïve CD4 ϩ T cells and a higher total CD4 ϩ T cell count in the circulation (29) . Comparing HIV-2 and HIV-1 infections has revealed that HIV-2-infected patients demonstrate enhanced thymic function compared to age-matched healthy individuals (12) . This activation of thymopoiesis is implicated in the relative maintenance of CD4 ϩ T cell counts during HIV-2 disease. Administration of growth hormone to HIV-1-infected adults or interleukin-7 to simian immunodeficiency virus (SIV)-infected rhesus macaques under antiretroviral therapy increases the thymic output of naïve T cells in these hosts (4, 15, 33) . It is well known that T cell replenishment in the body relies on proliferation of existing T cells in the peripheral tissues and de novo naïve T cell production by the thymus. Of these two mechanisms, thymopoiesis is more efficient in restoring or replenishing the peripheral T cell profiles than clonal expansion of existing peripheral T cells since peripheral expansion of T cells restricts the T cell repertoire to preexisting memory T cells, which leads to inefficiency in responding to new antigens (40) . incompletely elucidated with regard to host defense against Pneumocystis infection. No information is available regarding the significance of thymopoiesis in the host response to Pneumocystis infection.
The results of our current investigation show that blocking thymopoiesis in adult C57BL/6 mice by thymectomy delayed clearance of Pneumocystis from the lung following intratracheal inoculation. These data indicate that thymic function constitutes an important component of the host defense against Pneumocystis infection. It has been known that HIV infection and corticosteroid therapy both cause thymic toxicity. Thymic suppression in immunocompromised patients, particularly those with AIDS or receiving long-term corticosteroid therapy, may further impede the host defense against Pneumocystis infection. Our mice with thymectomy, however, were eventually able to eradicate Pneumocystis infection in the lung, which suggests that peripheral clone expansion of existing T cells in normal hosts can still sustain the host defense against Pneumocystis infection although in an inefficient manner. Our current study is in agreement with clinical observations in which no increase in incidence of Pneumocystis infection has been reported in individuals previously thymectomized for myasthenia gravis (17) . In our murine model, immature thymocyte proliferation in the thymus and thymic output of naïve CD4 ϩ T cells were significantly enhanced following Pneumocystis infection. The numbers of ETPs and DN thymocytes in the thymus of shamoperated mice were significantly increased after intratracheal inoculation of Pneumocystis. Similarly, the level of msjTRECs in CD4
ϩ splenocytes was significantly elevated in sham-operated mice at 5 weeks post-Pneumocystis challenge. These results support an activation of thymopoietic activity in adult mice in response to Pneumocystis infection. Interestingly, the level of msjTRECs in CD4 ϩ splenocytes was not increased during the initial 4 weeks post-Pneumocystis inoculation. A possible explanation is that newly released naïve CD4 ϩ T cells from the thymus may be preferentially recruited into the infected tissue site, i.e., the alveolar space. Our results demonstrated that the numbers of naïve CD4 ϩ T cells and total CD4 ϩ T cells recruited into lung tissue were markedly increased following Pneumocystis infection. During this period of time, peripheral lymphoid tissues including the spleen and lungassociated lymph nodes primarily produce memory T cells through enhanced clonal expansion. Increased homing of naïve CD4 ϩ T cells to these peripheral lymphoid tissues may continue after clearance of the inoculated Pneumocystis from the lung. Mechanisms underlying this dynamic homing of naïve CD4 ϩ T cells during the host response to Pneumocystis infection remain to be explored. Mice with thymectomy showed a significant reduction of naïve CD4 ϩ T cell recruitment into the lung following Pneumocystis infection, which suggests that pulmonary recruitment of these T cells was impaired in the absence of appropriate thymopoietic support. In week 5 of Pneumocystis infection, the increase in central memory and effector memory CD4 ϩ T cells in the lung was also attenuated in mice with thymectomy. It remains to be determined if this reduction of memory CD4 ϩ T cells in the lung resulted directly from an insufficiency of naïve CD4 ϩ T cell conversion or involved other mechanisms yet to be identified.
Phenotypic analysis of CD4 ϩ T cells in the peripheral lymphoid tissues and spleen shows a decrease in the numbers of naïve and central memory CD4
ϩ T cells but preservation of effector memory T cells following thymectomy. These alterations of CD4 ϩ T cell subtypes support the important role of the thymus in supporting naïve and central memory cells within lymphoid tissue following a Pneumocystis challenge. These observations also provide supporting evidence for the possible dynamic homing of these cells to an infected tissue site instead of peripheral lymphoid tissues.
The active thymopoietic response to Pneumocystis infection requires thymopoietic progenitors supplied by the bone marrow. Previous studies have shown that marrow CCR9 ϩ MPPs represent a major precursor population of ETPs (24) . Our current results show that the marrow pool of CCR9 ϩ MPPs was expanded following Pneumocystis infection. This increase in the number of marrow CCR9 ϩ MPPs was accompanied by the expansion of the upstream HSC pool as well as the entire LKS cell population in the bone marrow. With the increase in marrow CCR9
ϩ MPPs, bone marrow release of these precursors into the systemic circulation was enhanced. As a conse- quence, the number of CCR9 ϩ MPPs in the peripheral blood was significantly increased. In contrast to the increase in generation of thymopoietic precursors, the numbers of Lin Ϫ cKit ϩ Sca-1 Ϫ cells and MPPs in the bone marrow were reduced, which suggests the polarization of marrow lineage support toward T cell production following Pneumocystis infection. These data identify the bone marrow as a key component of the thymopoietic response to Pneumocystis infection. In our in vivo experiments, the levels of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells and MPPs were elevated in the bloodstream during the early stage of Pneumocystis infection, which suggests an activated mobilization of these cells into the systemic circulation. The significance of this temporarily enhanced mobilization of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells and MPPs into the circulation following Pneumocystis infection remains to be elucidated. One possible speculation for release of these precursors from the bone marrow at the early stage of Pneumocystis infection is that it may facilitate appropriate niche space for rapid expansion of the thymopoietic precursor cell population in the bone marrow.
Previous studies have demonstrated that bone marrow hematopoietic precursor cells express TLRs, enabling these cells to respond to TLR ligand stimulation (14, 32, 52) . Pneumocystis is a fungal pathogen. Its cell components including glycoprotein and (1-3)-␤-D-glucan can be recognized by TLRs, such as TLR-2 and TLR-4 (9, 50, 52, 54). Prior investigations have not addressed TLR-9 in Pneumocystis although this pattern receptor is important in recognition of other fungal pathogens (39) . Clinical investigations and experimental studies have repeatedly shown that circulating levels of Pneumocystis-derived cell wall components are increased following pulmonary infection with Pneumocystis (7, 8, 53) . In preliminary studies, we also observed an increase in plasma concentration of (1-3)-␤-D-glucan in mice with Pneumocystis pneumonia (data not shown). Our current investigation shows that after in vitro exposure to Pneumocystis extracts, the numbers of LKS cells, HSCs, MPPs, CCR9
ϩ MPPs, and CLPs were significantly increased in cultured bone marrow cells. Culture of bone marrow cells with the TLR-2 ligand zymosan, TLR-4 ligand LPS, and TLR-9 ligand ODN M362 resulted in a similar response. These data suggest that TLR signaling may be involved in mediating the alteration of the marrow hematopoietic precursor cell repertoire during Pneumocystis infection.
Recent studies from our group have revealed that marrow Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells can convert to LKS cells through reexpression of Sca-1 in response to infectious stimuli (56) . This phenotypic conversion of the downstream progenitors to upstream LKS cells serves as a major mechanism underlying the rapid expansion of the marrow LKS cell pool. In our current investigation, we also observed that in association with the increase in marrow LKS cell and CCR9
ϩ MPP populations, the number of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells in the bone marrow was reduced in mice following Pneumocystis infection. Furthermore, culture of bone marrow cells with Pneumocystis extracts resulted in an increase in the number of LKS cells and CCR9 ϩ MPPs. Concomitantly, the number of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells was reduced in the culture system. These data support the concept that upregulation of Sca-1 in marrow precursor cells plays a critical role in reprogramming of the precursor cell lineage commitment during the host response to Pneumocystis infection. In studies previously reported by our group, we have observed that mice with E. coli bacteremia also show a rapid expansion of the marrow LKS cell population (56) . Phenotypic conversion of Lin Ϫ c-Kit ϩ Sca-1 Ϫ cells to LKS cells by expression of Sca-1 plays a predominant role in the expansion of the marrow LKS cell pool. This marrow LKS cell response forms a platform for reprogramming the hematopoietic precursor cell lineage commitment toward granulocyte production in the process of the host defense against bacterial infection. These observations suggest that the host defense response to infectious pathogens may share a similar mechanism at the primitive hematopoietic precursor level. However, reprogramming of these precursor cells for selected lineage commitment relies on unique signaling generated from infection with a specific pathogen type.
By mapping the promoter region of the Sca-1 gene, we observed that the Sca-1 promoter region contains multiple AP1 binding sites. c-Jun is the most potent transcriptional activator in the AP1 family (28) . Studies have previously shown that engagement of TLR-2, TLR-4, or TLR-9 with their ligands activates JNK, leading to enhancement of c-Jun transcriptional activity by phosphorylation of its N-terminal activation domain (14) . Therefore, we determined if the JNK signal pathway was involved in mediating the hematopoietic precursor cell response to Pneumocystis infection. The results of our experiments showed that Pneumocystis extracts, zymosan, and ODN M362 each activated JNK in cultured bone marrow cells. Addition of the specific JNK inhibitor SP600125 to the culture system profoundly inhibited the increase in LKS cells and CCR9
ϩ MPPs in cultured bone marrow cells following exposure to Pneumocystis extracts, zymosan, or ODN M362. These findings demonstrate that the TLR-JNK-AP1 signaling cascade may play a vital role in mediating the enhancement of marrow T cell lineage support during the host defense response to Pneumocystis infection.
In our in vivo experiments, the plasma levels of IL-3, IL-7, IL-9, IFN-␥, and Flt-3 ligand were not altered. Previous investigations have shown that these mediators may modulate thymopoietic activity. However, the role of these mediators (if any) in our model of Pneumocystis infection remains undetermined.
In summary, thymopoietic activity is enhanced following Pneumocystis pneumonia in adult C57BL/6 mice along with increases in thymopoietic precursor cells in the bone marrow. Ready access of Pneumocystis-derived TLR ligands into the systemic circulation may stimulate bone marrow primitive hematopoietic precursor cell reprogramming to enhance T lymphocyte lineage commitment through activation of the JNK-AP1 pathway.
